The functional longevity of cryopreserved ovarian grafts is one of the most challenging questions regarding ovarian transplantation at present. This study used a rat ovarian grafting model to investigate whether ovarian tissues from adult rats, which had been cryopreserved by vitrification and followed by heterotopic transplantation, could establish long-term hormone secretion and follicle development. Fresh and cryopreserved ovarian tissues were autologously transplanted under the kidney capsule. One-third of the animals in each group (sham-operated, fresh autografts, cryopreserved autografts, or castrated) were killed 5, 8, or 10 months after transplantation. Vaginal cytology, serum estradiol (E 2 ), progesterone, and the morphology of the reproductive tract were used to assess ovarian function. Both fresh and cryopreserved ovarian grafts survived well in all the animal models with comparable proportion of follicles at each stage of folliculogenesis at all three time points. The serum E 2 and progesterone concentrations in the groups with fresh or cryopreserved grafts remained comparable with those in sham-operated controls at all investigated time points. However, a loss of grafts and primordial follicles following heterotopic transplantation was noted. In conclusion, the heterotopic autotransplantation of vitrified ovarian tissues from adult rat without vascular anastomosis can maintain long-term ovarian function and exert endocrine function in target organs, in spite of the reduction in follicle pool.
Introduction
Cancer treatments, including chemotherapy, radiotherapy, and radical surgery, induce premature menopause and infertility in many of the hundreds of thousands of women who are still at their reproductive age every year. Counteracting the deterioration of ovarian function and maintaining their fertility has become an important goal for female cancer patients. One possible way to preserve fertility is to cryopreserve the ovarian tissue for later transplantation before treatments (Oktay et al. 2004) . Parrott (1960) demonstrated that frozen ovarian fragments could restore fertility of mice when autografted, albeit at a low rate. Over 50 years ago, only w5% of the follicle population survived the freezethawing process compared with fresh ovarian tissues, with primordial follicles (PmFs) being the sole survivors (Green et al. 1956) . Animal experiments now suggest that 87% of PmFs survive with normal ultrastructure following vitrification (Chen et al. 2006) , and that cryopreservation does not affect the long-term viability of ovarian tissue (Candy et al. 2000) and therefore provides an option for storing female germ cells in ovarian tissue banks. Studies in humans demonstrate that fertility and ovarian endocrine function can be preserved for women by grafts of cryopreserved ovarian tissue (Donnez et al. 2004 , Oktay et al. 2004 , Smitz & Cortvrindt 2004 , Demeestere et al. 2007 , Andersen et al. 2008 .
Ovarian tissue transplantation preserves both steroidogenic and gametogenic functions. The birth of animals using this technique confirmed that the fresh and frozen ovarian tissue grafts that had been orthotopically or heterotopically autotransplanted restored cyclic hormonal function and fertility (Candy et al. 2000 , Lee et al. 2004 , Waterhouse et al. 2004 , Liu et al. 2008 . As to the long-term functions of grafts, Baird et al. (1999) demonstrated that despite drastic reduction in the pool of oocytes, cyclical ovarian function was observed for nearly 2 years after cryopreserved ovarian tissue transplantation in sheep. But the results from another experiment in rats indicated that the transplanted ovaries without vascular pedicle were nonfunctional at 6 and 12 months according to the morphometric changes and serial hormone measurements (Callejo et al. 2002) .
The case reports from clinical studies suggested that hormonal production could be restored after fresh or cryopreserved heterotopic ovarian tissue transplantation in women, but that this function remained only for a short period (Callejo et al. 2001) . However, fresh orthotopic ovarian cortex transplantation has maintained normal ovarian function beyond 2 years in 75% of patients (Sanchez et al. 2007) .
Challenging questions regarding ovarian transplantation currently include the survival rate of the grafts, their functional longevity, the optimal cryopreservation method, and the optimal graft site and size. Therefore, this study used a rat model to assess long-term function by vitrified ovarian autografts placed at a heterotopic site.
Results

Vaginal cytology
Daily vaginal irrigation showed completely cornified epithelial cells in all group A rats, and they appeared in rats receiving fresh ovarian grafts (group B), and cryopreserved grafts (group C) by 7-11 days and 8-11 days respectively after the grafting. In group C, no significant variation of vaginal cytology was noticed during the 2-week-period that their ovaries were in liquid nitrogen. There were no cyclical changes in vaginal irrigation samples from the ovariectomized rats (group D), but a large number of leukocytes with a few cornified epithelial cells and cell debris appeared continuously.
Hormone values
The serum estradiol-17b (E 2 ) and progesterone concentrations in estrus females in groups B and C were comparable with those in the sham-operated group (group A), and significantly higher than in the ovariectomized control (group D) at 5, 8 and 10 months (P!0.01). No statistically significant differences were found in serum E 2 and progesterone concentrations between groups B and C at any time point (PO0.05; Table 1 ).
Morphology of the grafts and uteri
The grafts in groups B and C survived under the renal capsule. They were easily identified and showed a morphologically similar appearance. Blood vessels surrounding the grafts were visible. Cysts full of liquid were observed on the surface of some grafts ( Fig. 1 ). There was no significant difference in the mean number of recovered grafts between groups B and C at 5, 8, or 10 months after transplantation (PO0.05). In both groups, the mean number of recovered grafts at 5 month was significantly higher than that at 8 and 10 months (P!0.05; Table 2 ). The uteri of all the females in groups B and C were of normal size and appearance in contrast to the uteri of the females in group D, which were greatly reduced in size and weight ( Fig. 2a-c) . The mean uterine weight in group D was significantly lower than that in groups A, B, and C (P!0.05; Fig. 3 ). The mean weight of the rats in group D was significantly higher than that in the other groups after the 8 month (P!0.05; Fig. 4 ).
Histological analysis of ovarian tissue and endometrium
The cryopreserved and grafted tissues all appeared morphologically normal under the light microscope although there were a few cysts in some grafted tissues. Blood clots were present in structures that may have been freshly formed corpora lutea. Newly established blood vessels had grown into the ovarian tissue from the surface of the kidney. In groups A, B, and C, the uteri appeared functional as judged by the abundance of glands. By contrast, the uteri of animals in group D appeared atrophic and contained few glands, and had less thick simple columnar epithelium ( Fig. 5a-j) .
Evaluation of follicles
The proportion of follicles at each stage of folliculogenesis was not significantly different between fresh and cryopreserved ovarian tissues before grafting (PO0.05), or between the groups A, B, and C at the same time point (PO0.05). In groups A, B, and C, the grafts contained comparable proportion of follicles at each developmental stage at the different time points (PO0.05). The percentage of tertiary follicles (TFs) was significantly higher in group C at any time points compared with cryopreserved tissue before grafting (P!0.05; Table 3 ). The loss of PmFs in the recovered grafted tissues was noted, with w40.5% fewer PmFs in the fresh grafts and 44.9% fewer in the frozen grafts compared with the sham-operated group at 5 month after transplantation (Table 4 ).
Discussion
The ovaries of Wistar rats normally remain functional for about 18 months. The period of observation in this study was 5-10 months after ovarian transplantation, which covered more than half of their reproductive lifespan. Thus, the study could evaluate the long-term function of grafted ovarian tissues during a relatively short time. After heterotopic autotransplantation, the ovarian tissues survived well in both fresh and cryopreserved transplantation groups and revealed comparable proportion of follicles in each developmental stage at 5, 8, or 10 months after grafting. The results indicated that heterotopic autologous ovarian transplantations in our rat model were successful in all cases and maintained function for more than 10 months subsequently.
As the PmFs are abundant and developmentally dormant, the ovary is well suited for tissue storage. The trimmed ovarian tissue blocks were directly put into liquid nitrogen, maximizing the cooling rate, facilitating vitrification, and reducing ice crystal formation. When warming, the immersion of the vitrified tissues in dilution solution maximized the warming rate to minimize devitrification. This vitrification method has previously shown greater percentage of morphologically normal follicles in the histological examination, larger survival of follicles, and better ultrastructural preservation of PmFs, compared with conventional vitrification and slow freezing (Chen et al. 2006) . In this study, we found that in cryopreserved ovarian tissues before grafting, the proportion of follicles at each stage of folliculogenesis was not significantly different from fresh ovarian tissues. Also there was no significant difference in the mean number of recovered grafts between the fresh and cryopreserved transplantation groups at 5, 8 or 10 months after transplantation. These results indicated that cryopreservation did not have an obviously detrimental effect on grafted ovarian function. Though not significant, the percentage of morphologically normal TFs in cryopreserved ovarian tissues was lower than that in fresh tissues before grafting. The cause of this decrease may be due to the larger size of follicles that was more difficult for sufficient dehydration and more easily destroyed during the trimming procedure. However, the small follicles in heterotopic grafts could develop further and the percentage of TFs increased significantly in cryopreserved grafts compared with the cryopreserved tissue before grafting.
Functional vessels within grafts have been detected in rats by day 3 (Dissen et al. 1994) . In our study, estrus-like cytological variations were observed at 7-11 days and 8-11 days respectively in groups B and C. Both in groups B and C, the uterus appeared healthy, and the mean uterine weight was similar to that of the control group and the endometrium showed secretory change as control group after transplantation. These illustrated that the perfused grafts secreted the hormones having an effect on its target organs through the new established vessels. The results showed that the serum E 2 and *Significantly lower than after 5 months (P!0.05).
Figure 2
The appearance of the uteri after 10 months in (a) the sham operated group; (b) the cryopreserved grafted group; and (c) the castrated group. progesterone concentrations during estrus in groups B and C remained at a stable level, which was comparable with the sham-operated group (group A) in 10 months after transplantation. Though the hormone levels remained stable, the mean numbers of recovered grafts decreased significantly from 5 months onward in both groups B and C, while Yang et al. (2006) reported that the recovery rate of fresh grafts after 3 weeks from the kidney capsule of mice was 93-95%. Cysts filled with liquid were observed adjacent to a few grafts. The liquid might be follicular fluid that had not dissipated after ovulation. The aggregation of follicular fluid surrounding the grafts might alter the position of grafts, destroy the vascular supply, which is newly established, and therefore result in the degeneration of the grafts. The surviving grafts contained follicles at all stages of folliculogenesis and corpora lutea. The proportion of each stage follicles in both types of grafts was comparable with that in control group. All these results indicated that the follicles in heterotopic grafts could develop further. The presence of a blood clot could indicate a newly formed corpus luteum. However, it is not clear whether this indicates that follicles in the grafts can ovulate or form normal luteal tissue. (Dahm-Kähler et al. 2006 , Boubekri et al. 2007 .
A loss of PmFs in the recovered grafts was observed. Our study showed that 59.5% of the PmFs remained in the fresh ovarian grafts and 55.1% in the cryopreserved ovarian grafts compared with the control group at 5 months after transplantation. Although small ovarian blocks made close contact with the graft site, promoting the revascularization and facilitating the perfusion of the grafts, a lot of follicles in every folliculogenesis stage were inevitably lost when the ovaries were trimmed into blocks. This substantial loss of follicles was observed in studies on mice and larger animal models (Baird et al. 1999 , Liu et al. 2002 . The loss of grafts and the decrease in the follicle pool might shorten the longevity of ovarian function after grafting.
Few studies have investigated long-term function of transplanted ovarian tissue. The clinical cases suggested that hormonal protection can be restored after fresh or cryopreserved heterotopic ovarian transplantation in women for more than 1 year, but the reproductive span only lasted for a short period (Callejo et al. 2001 ). Longterm ovarian function (lasting for 15-41 months) was established in three patients after heterotopic Figure 3 Uterine weights are shown as mean valueGS.E.M. Uterine weights in group D are significantly lower than that in the other groups at all three time points,*P!0.05.
Figure 4
Rats' weights are shown as mean valueGS.E.M. The mean weight of the rats in group D was significantly higher than that in the other groups after 8 months, *P!0.05. autotransplantion of frozen-thawed ovarian tissue, and six oocytes were retrieved from the grafts (Kim et al. 2009 ). Animal experiments provided models for morphometric analysis of ovarian grafts. A 1-year follow-up morphometric and hormonal study showed that the recovery of ovarian function after heterotopic ovarian transplantation in rats was initially associated with hyperplasia in the area of the granulosa cell (GC) layer of the autografted antral follicles, followed by progressive loss of follicles and replacement of the ovarian parenchyma by fibrosis and epithelial cysts and lost function at 6 and 12 months (Callejo et al. 2002) . Another study demonstrated that despite drastic reduction in the pool of oocytes, cyclical ovarian function was observed in ewes for nearly 2 year after ovarian tissue transplantation (Baird et al. 1999) . In this study the development of follicles was observed in 10 months after ovarian tissue autotransplantation in rats.
In conclusion, the heterotopic autotransplantation of vitrified ovarian tissues from adult rat without vascular anastomosis was successful. It can maintain long-term ovarian function and exert endocrine function in target organs, in spite of the reduction in follicle pool. These results have encouraged us to research the feasibility of ovarian tissue cryostorage to young female patients that are at risk of premature ovarian failure.
Materials and Methods
Animals and groups
Ethics approval for these studies was obtained from the Animal Ethics Committee of Laboratory Animal Center of Shandong University. In this study, a total of 78 Wistar female rats (6-8weeks-old) weighing between 180 and 220 g were purchased from the Shandong Agriculture Science Academy. These animals were maintained in a temperature-controlled environment (25 8C), illuminated for 12 h daily. All these animals had normal estrous cycles according to vaginal cytology and were randomly divided into four groups and then were treated with different protocols. The groups and protocols are shown in Table 5 .
Surgical procedure
The animals were anesthetized by an i.p. injection of 50 mg/kg pentobarbital sodium. Dorsal fur was shaved, the skin was sterilized with iodine, and a 2 cm medial incision was made on the dorsal skin and then the bilateral incisions of 1 cm were made on the dorsal body wall about 1 cm beside the spine. Group A (sham) underwent surgery (incisions made through the dorsal skin, body wall, and kidney capsule) but their own ovaries were left intact. The incisions in their body wall and skin were closed with stitches of nylon suture. In groups B and C, both ovaries were removed surgically. After the fat was removed, each ovary was equally cut into eight pieces in HEPES-buffered tissue culture medium 199 (TCM199, pH 7.4, Sigma) under a dissection microscope, yielding 16 ovarian blocks about 1!2!2 mm 3 in size per rat. Four blocks were preserved in 10% formalin for histologic analyses; six blocks were immediately inserted under each kidney capsule where a small incision had been made with ophthalmologic tweezers in group B. While in group C, the ovarian blocks were cryopreserved for 2 weeks before transplantation. The transplantation procedure was the same as for group B. In group D, bilateral ovariectomy was performed without transplantation: these animals served as a castrated control group. Table 3 The number of primordial follicles (PmF), primary follicles (PrF), secondary follicles (SF), and tertiary follicles (TF) in the ovarian pieces according to groups.
Groups
Number of pieces
PmF ( *The percentage of tertiary follicles was significantly higher than that of the cryopreserved tissue before grafting (P!0.05). 
Cryopreservation and warming
Vitrification (Hasegawa et al. 2006 ) was used to cryopreserve the ovarian tissues. All 16 ovarian blocks from each rat were immersed together in 1 ml equilibration solution composed of 7.5% ethylene glycol (EG; Sigma) and 7.5% DMSO; (Sigma) in HEPES-buffered tissue culture medium 199 (M199; Sigma) containing 20% fetal bovine serum (FBS) for 15 min at room temperature, and then in 1 ml vitrification solution for 30 min at 4 8C. The vitrification solution was composed of 15% EG, 15% DMSO, and 0.5 M sucrose (Sigma) in M199 containing 20% FBS. Then the ovarian blocks from one rat were directly put into liquid nitrogen and immediately transferred into a 1.8 ml plastic cryovial containing liquid nitrogen. The cap of the cryovial was closed and the cryovial was placed into a liquid nitrogen tank for storage. When warming, the cryovial was taken out from liquid nitrogen, and the cap was opened. It took about 20 s for any liquid nitrogen in the cryovial to disappear. The tissues were then directly placed into a solution composed of 1.0 M sucrose in M199 with 20% FBS for 10 min at room temperature and then kept in M199 with 10% FBS until grafting. All the procedures were carried out in a sterile hood.
Vaginal cytology
Vaginal cytology was observed to ensure that only females with normal estrous cycles were used for these experiments and to monitor the resumption of cyclic ovarian activity after transplantation. From the fourth day after surgery, vaginal irrigation samples were collected daily in all rats until typical cornified epithelial cells were observed; thereafter, vaginal irrigation was performed every 2 weeks until the animals were killed.
When getting samples, 100 ml 0.9% saline was injected into the vagina of rat by using a sample injector with a plastic pipette. The tip of the pipette was inserted into the rat vagina, the liquid was sucked and injected several times, and then the vaginal irrigation sample was put on a glass slide (Marcondes et al. 2002) . These samples were stained with hemotoxylineosin (HE) and classified as proestrus, estrus, metestrus, or diestrus (Montes & Luque 1988) .
Hormone measurements
For the measurements of E 2 and progesterone, 1.5 ml blood was collected by puncturing the carotid sinus for the rats in groups A, B, and C during the period of estrus-like vaginal cytological variation before being killed at 5, 8, or 10 months (the rats in group D at the time of death). It took 30 min for the blood sample to clot adequately before centrifugation. The samples were measured by ADVIA Centaur assays, which are immunoassays using direct chemiliuminescent technology (Siemens Medical Solutions Diagnostics Pty Ltd, New York, NY, USA), and the samples were processed according to the manufacturer's instructions. For E 2 , the assay sensitivity and range was between 10 and 1000 pg/ml, and the intra-and interassay precision (mean, coefficient of variation (CV)) was: intra-assay, 118 pg/ml, CVZ4.3%; 241 pg/ml, CVZ4.1%; 556 pg/ml, CVZ5.1%; interassay, 118 pg/ml, CVZ5.2%; 241 pg/ml, CVZ5.3%; 556 pg/ml, CVZ7.0%. For progesterone, the assay sensitivity and range was between 0.21 and 60 ng/ml, and the intra-and interassay precision was: intraassay, 1.5 ng/ml, CVZ8.0%; 7.8 ng/ml, CVZ6.0%; 24.8 ng/ml, CVZ4.8%; interassay, 1.5 ng/ml, CVZ9.1%; 7.8 ng/ml, CVZ7.2%; 24.8 ng/ml, CVZ4.4%.
Morphological and histological examination
One-third of the animals in each group were killed either 5, 8, or 10 months after transplantation respectively. The gross appearances of the uteri and grafted ovarian tissues were recorded before they were removed. Then the uterus was resected and weighed. In group A, both ovaries were resected and equally cut into eight blocks per ovary. In groups B and C, the grafts were removed carefully. Two ovarian blocks were chosen randomly from each rat in different groups for histological examination. The samples were fixed in 10% formalin, embedded in paraffin wax, serially sectioned at 3 mm (Deng et al. 2007) , and stained with HE. All the sections were examined and follicles were counted and classified according to the following criteria: 1) PmF with a small primary oocyte surrounded by a single layer of flattened GCs, 2) primary follicle with a single layer of cuboidal GCs, 3) secondary follicle characterized by an enlarged granulosa up to two or Table 5 The treatment protocols for four different groups.
Groups
At the beginning 2 Weeks 5 Months later A (nZ15) Sham operation Sham operation Five animals were killed for morphologic analysis of ovaries and uteri either 5, 8, or 10 months after the first sham operation respectively B (nZ24) Bilateral ovariectomy and autologous transplantation of fresh ovarian tissues Sham operation Eight animals were killed for morphologic analysis of ovarian grafts and uteri either 5, 8, or 10 months after transplantation respectively C (nZ24)
Bilateral ovariectomy and cryopreservation of ovarian tissues
Autologous transplantation of cryopreserved ovarian tissues
Eight animals were killed for morphologic analysis of ovarian grafts and uteri either 5, 8, or 10 months after transplantation respectively D (nZ15)
Bilateral ovariectomy Sham operation Five animals were killed for morphologic analysis of uteri either 5, 8, or 10 months after the bilateral ovariectomy respectively more layers of cells, with or without irregular spaces among the cells of granulose, and 4) TF with a single antrum and cumulus oophorus. PmFs were counted only when the oocyte had a definite nuclear membrane. For larger follicles, to avoid double counting of the same, follicles were only counted in sections in which the oocyte nucleolus was visible (Israely et al. 2006) . A part of the uterine tissue (about 4-6 mm long) from each rat was embedded and sectioned at 3 mm (Deng et al. 2007) , and the morphology of the endometrial glands was observed.
Statistical analyses
The statistical analysis was performed using the SPSS-PC program (SPSS Inc., Chicago, IL, USA). Data were pooled and c 2 tests were used to statistically analyze the percentage of follicles at each developmental stage between groups. The results of hormone values, uterine weight, and graft recovery were expressed as meanGS.E.M. and were statistically analyzed by one-way ANOVA. Statistical significance was set at P!0.05.
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